Introduction
For the design and fabrication of advanced biosensors 1,2 and for the study of cell-surface interactions 3,4,5 biochemical patterning and topographical structuring on a broad range of length scales are required. These length scales are defined by the size of individual sensing elements in array-based sensor formats and the size of biological entities, such as cells and bacteria on the one hand, 5 and important biomacromolecules, including proteins and protein clusters, 6 , 7 , 8 , 9 on the other hand. As micro-and nanopatterns also play an important role in many other areas, their fabrication, in particular in a massively parallel manner, has attracted a great deal of attention in the past decade. 10 In the context of functional biointerfaces, 11 suitable patterning methods must enable one to pattern larger surface areas in a parallel manner and to achieve control over surface (bio)chemical composition down to the sub-100 nm size regime together with control over topographical features and substrate modulus. [3] In addition to established optical lithographic techniques, 12 the desired patterns for functional biointerfaces can be obtained using so-called soft lithographic methods, 13, 14 as well as imprinting approaches.
15
The transfer of low molar mass molecules 13 or the direct transfer of biomolecules 14a from a micropatterned elastomer to suitable substrates has been introduced under the terminus microcontact printing (CP) . 16 This technique has provided access to micrometer and sub-micrometer sized patterns of self-assembled monolayers, as well as biomolecules. Patterns composed of up to 16 different proteins were reported. 14a,17 Despite this success, a number of factors, such as the deformation (or collapse) of the soft elastomeric stamps 18 , 19 or the diffusion of ink molecules, 20 , 21 limit the general applicability of this approach for obtaining patterns on the 100 nm size Published in: Langmuir 24:16 (2008) 22 However, the authors noted that repeated stamping of the well-known poly(Llysine)-poly(ethylene glycol) (PLL-PEG) graft copolymers 24 was required to achieve acceptable passivation. A very similar strategy was also very recently utilized by Charest et al. in a combined nanoimprint / CP approach using a complex multistep fabrication involving the evaporation of a metal film and printing of thiols. However, as noted, low molar mass thiols are prone to infidelity of the pattern transfer on the mentioned length scales due to surface diffusion. 25 Huskens and co-workers employed chemically patterned flat stamps among others to improve the mechanical stability of the stamp pattern and to eliminate diffusion of ink molecules via the gas phase. 23 The application of featureless stamps was also recently reported by Soolaman and Yu. 26 We have recently introduced reactive microcontact printing as a versatile (soft) lithographic technique for the fabrication of patterned bio-functional interfacial architectures based on polymers for applications, such as biosensors or cell-surface interaction studies. 27 The internal structure of the block copolymer films of PS 690 -bPtBA 1210 with microphase separated PS cylinders and a skin layer of reactive PtBA exposed at the film surface can be exploited to obtain very robust biointerfaces. This process comprises the localized acid-catalyzed deprotection of the tBA groups, Nhydroxy-succinimide (NHS) activation and covalent grafting of various functionalities. 28 Thereby patterns down to the 300 nm size range were fabricated. 29 Published in: Langmuir 24:16 (2008) 8841-8849 5 Owing to the glassy nature of PS and the covalent amide linkages, the derivatized films showed excellent stability under a broad range of processing conditions. The combination of these polymer platforms with i-CP would provide access to topographic structures by imprinting approaches, as well as controllable surface chemistry and high coverages of passivating (e.g. PEG) and active species (e.g., proteins and DNA) via established wet chemical conjugation strategies. 30 As shown in this paper, i-CP on the block copolymer-based reactive thin film platforms introduced above (Scheme 1) was developed as a methodology for the fabrication of tailored patterned biointerfaces. Owing to the absence of topographical structures in the elastomeric stamp, as well as the glassy nature of the pre-structured polymer films comprising PS microdomains, this combined approach represents a versatile method to obtain robust patterned substrates with > 10 m down to submicrometer pattern sizes. In addition, the covalent amide linkages formed between the acrylate moieties of the block copolymer film and transferred molecular species in the conformal stamp-film contact result in surface modification with improved efficiency and functionality for advanced biointerface platforms.
Published in: Langmuir 24:16 (2008) Film Preparation. Thin films were prepared by spin coating polymer solutions in toluene (conc. between 14 and 100 mg/mL) onto oxygen plasma or piranha-cleaned silicon wafers or glass substrates. The samples were spun at 1000 rpm for 1 s, followed Published in: Langmuir 24:16 (2008) [8841] [8842] [8843] [8844] [8845] [8846] [8847] [8848] [8849] 8 by spinning at 3000 rpm for 29 s using a P6700 spin coater (Specialty Coating Systems Inc). All spin-coated samples were annealed for 24 hours at 135C in vacuum before analysis. Film thicknesses of 90  5 nm to 1000  50 nm were determined by ellipsometry (see below).
Mould fabrication.
31 Moulds for nanoimprint lithography were produced on thermally oxidized silicon wafers coated by chemical vapor-deposited silicon nitride (Si 3 N 4 ). Imprint lithography. 31 Polymer films were imprinted using PDMS stamps according to literature procedures. 22 Nanoimprinting of the polymer films was performed in a commercially available 2.5 inch nanoimprinter (Obducat AB, Sweden). In order to determine the faithfulness of the replication process, both the moulds and the nanoimprinted polymeric samples were characterized using optical microscopy (Eclipse L150, Nikon Instruments, Japan), interferometric microscopy (WYKO NT1100, Veeco, USA), scanning electron microscopy (SEM, Strata DB235; FEI Co., Netherlands), as well as AFM (see below).
Hydrolysis. The structured polymer films were hydrolyzed at room temperature in neat TFA for 15 min. All hydrolyzed films were rinsed three times thoroughly using Milli-Q water and were finally dried in a stream of nitrogen. Ellipsometry. The measurements were performed with a Plasmos SD2002 instrument (rotating analyzer method) with a wavelength λ = 632.8 nm and an incidence angle equal to 70°. Film thicknesses were determined before and during sample processing on the corresponding samples that were placed in a vacuum oven for 2 hours at room temperature before the experiments were performed (to prevent water uptake by the PEG from the environment). Layer thicknesses were determined using a 2-layer model. AFM. 31 The moulds were characterized by AFM measurements using an Asylum
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Research MFP-3D with MikroMasch NSC18-F tips. Force -volume (FV) measurements were performed with silicon nitrides probes (Model NP, Veeco Nano Probe, Santa Barbara, CA) in air on a NanoScope Шa multimode and a NanoScope
PicoForce AFM (Digital Instruments / Veeco, Santa Barbara, CA) using cantilevers with nominal spring constant of 0.06 N/m. Height, width and period of the features observed in AFM images of the moulds were determined by analyzing cross-sectional plots. The arithmetic mean of the corresponding distance of multiple features and data points, respectively, were calculated in the following manner; height and width of the mould: average over 12 data points (6 in x and 6 in y direction); period of the mould:
average period for 10 repeats (5 in x and 5 in y direction) for each array of structures.
The same procedure was used to analyze AFM images of the imprinted polymer structures, however, instead of the width, the width at half height was used to determine the corresponding averages. 37 After PBS washing cell adherence was studied using light microscopy and AFM.
SIMS.

Results and Discussion
The patterning of PS 690 -b-PtBA 1210 block copolymer films on glass by sequential nanoimprinting and i-CP was investigated in detail to establish (i) an appropriate imprinting protocol to ensure faithful pattern transfer from the master to the films, (ii) full control of surface chemistry, (iii) optimized contact printing conditions to achieve maximized coverages of the transferred molecular species and (iv) to extend i-CP to sub-micrometer pattern dimensions, which are difficult to achieve by CP with conventional PDMS stamps. 38 Finally, (v) the functionality of the chemically patterned platforms as versatile biointerfaces was investigated.
The structure of the silicon / silicon nitride masters, which were fabricated using focused ion beam milling, could be successfully transferred to the PS 690 -b-PtBA 1210 block copolymer films. Interferometric microscopy images (Figure 1a) , as well as tapping mode atomic force microscopy images (Figure 1b Detailed analyses of the width, height and period of the mould and the imprinted block copolymer films were performed using tapping mode AFM. In Figure 2 typical data, as well as the analysis of all structures fabricated using the master shown in Figure   1a , are displayed (see also Figure S -2, Supporting Information). As can also be seen from the results plotted in Figures 2c and 2d , the heights and widths of the structures of the mould and the structured films are identical to within the experimental error. The polymer structures display slightly broader features, which can be attributed to AFM tip convolution effects. The CA and SIMS data thus indicate that the PtBA skin layer is not affected by the topographic patterning. Therefore, the previously applied hydrolysis under acidic conditions and the activation with EDC / NHS, for the subsequent covalent attachment of primary amines can be successfully carried out on the imprinted films as well.
28,29
However, before discussing patterns of proteins and PEG fabricated by i-CP, the optimized transfer of molecules using an oxidized PDMS stamp is presented.
For the i-CP approach reported by the Textor group, utilizing the PLL-PEG adsorbate system, 24 repeated printing steps were required to achieve acceptable coverages of the adsorbate to suppress undesired non-specific protein adsorption. 22 The PLL-PEG coatings are typically applied to oxide surfaces by dip-coating from solution, while the CP processes occur in the absence of liquid in the conformal contact formed between the elastomeric stamp and the sample surface. Since the functionalization of the PS 690 -b-PtBA 1210 platform used here relies on covalent attachment and not multi-site physisorption, one may expect differences regarding the printing time due to the different kinetics of the relevant processes.
In Figure 3 , the thickness of grafted PEG-NH 2 layers determined by ellipsometry is shown for different molar masses of PEG-NH 2 and different printing times ( Figure   3a ), as well as for PEG 5000 -NH 2 for different printing methods (Figures 3b and 3c ).
Here shorter stamp-film contact times and a subsequent post-printing cure period were applied before rinsing (T = 25 ± 3 o C, t = 180 s, 300 s and 3 hours respectively, cure period 3 hours). In addition, the deposition of an excess of PEG on the oxidized stamp surface was investigated (Figure 3c ). For these latter experiments featureless stamps were used on non-structured block copolymer films to simulate the reaction conditions for the reaction that was later carried out in micro-and nanocontacts (see below). The highest grafting densities in conventional printing were observed for stampfilm contact times in excess of 3 -4 hours (Figure 3a) . These long printing times are certainly not economical and are orders of magnitude longer than the ones used in CP of thiols on gold 13 or PLL-PEG onto structured PS. 22 This observation may be in part attributed to the fact that PEG is a telechelic polymer and is covalently attached via its chain terminus. Hence the diffusion of the chain end to reactive NHS ester sites on the activated film surface may be responsible for the observed slow kinetics. Similarly, the coverage of PEG on the oxidized stamp may be too low to ensure a steep enough concentration gradient.
A comparison of Figure 3a and Figure 3b shows that the thickness of the transferred (but not immobilized) film increased exponentially with stamp-film contact time. In addition, the transferred layer is significantly thicker than the grafted, i.e.
covalently attached PEG (the data for PEG 500 -NH 2 and PEG 2000 -NH 2 are shown in Figure S -5 in the Supporting Information). Furthermore, the value of the thickness of the grafted PEG 5000 after 10 minutes printing followed by a 180 minute post-printing cure period before rinsing is comparable to the thickness value obtained by 180 to 240 minute stamp-film contact time followed immediately by rinsing. These observations are fully in line with a post-contact grafting reaction that goes to completion over the mentioned time scale.
Since the value of the thickness of the transferred film (prior to rinsing, see Figure 3b ) depends on the printing time under these conditions, its value may be increased by increasing the loading of PEG on the stamp. Enhanced stamp loading may consequently lead to the formation of thicker non-bound PEG film that serves as a reservoir for diffusion of chains from the film surface into the near-surface region of the film. 28 Indeed, as shown in Figure 3c , if an excess of PEG 5000 -NH 2 is deposited on the stamp (as compared to soaking the stamp in a dilute PEG solution for 1 hour), an increased thickness of the grafted PEG layer can be achieved. 29 This thickness is significantly larger than that obtained by wet chemical grafting methods and indicates that the high local concentration (and pressure) under solvent-less conditions of CP improve the coupling efficiency. 41 The thus obtained higher grafting densities are linked to improved performance in the suppression of non-specific protein adsorption.
42
With the optimized printing protocol at hand, the topographically structured block copolymer films were activated and functionalized in an identical manner. Using optical microscopy, it was ensured that the featureless stamp and the structured polymer film were indeed in conformal contact ( Figure 4a We can conclude at this point that i-CP is a useful (soft) lithographic technique that can be applied in conjunction with optimized robust polymer platforms to fabricate topographically structured and (bio)-chemically patterned functional interfacial architectures. 45 One can control pattern size and spacing over a large range and some of the restrictions of conventional CP using soft elastomeric stamps, such as stamp feature deformation and collapse, are overcome. The aspect ratio of the topographic structures can be increased relative to PDMS, we note however, that the so-called roof collapse is not eliminated at extreme stamp feature separations.
The functionality of the topographically structured and chemically patterned 
Conclusions
In this paper we have shown that inverted microcontact printing on spin-coated films of polystyrene-block-poly(tert-butyl acrylate) provides a versatile approach for the fabrication of patterned biointerfaces across the length scales, from tens of micrometers down to 150 nanometers. In particular, the fabrication of patterns comprising small spot sizes with large spacings is feasible by printing reactants using a featureless elastomeric stamp onto a topographically structured reactive polymer film.
Due to the glassy PS blocks and the robust covalent amide linkages, the derivatized films showed excellent stability under a broad range of processing conditions. This i-CP strategy hence provides access to versatile biointerfaces and platforms, as shown for the interaction of PaTu8988S cells with topographically and chemically structured surfaces.
Supporting Information Available: Detailed experimental procedures, SEM images of moulds, AFM analyses of imprints, ToF-SIMS spectra of polymer films, ToF-SIMS depth analysis, ellipsometry data for PEG-500 and PEG-2000, fluorescence microscopy data for simultaneously patterned films and tabulated contact angle and ToF-SIMS data incl. peak assignment. This material is available free of charge via the Internet at http://pubs.acs.org.
